ABSTRACT Creating conditions that enhance the abundance of resident populations of natural enemies in agroecosystems is considered critical to the efÞciency of biological control of insect pests. We conducted a study to determine the potential of relay-intercropping for enhancing the abundance of aphidophagous lady beetles in sorghum. A relay-intercropping system consisting of alfalfa, winter wheat, and cotton as intercrops and sorghum as a main crop was compared with sorghum monoculture plots at two study sites in OK from 2003 to 2006. Lady beetles and aphids were sampled throughout the season using sticky traps and Þeld counts on individual sorghum plants. Results from sticky traps and Þeld counts show that differences in abundance and species composition of lady beetles between intercropped and monoculture sorghum were not statistically different during each year of study. Also, the lady beetleÐ greenbug ratios in relay-intercropped and monoculture plots were not signiÞcantly different. Lack of signiÞcant effects of relay-intercropping in our study may have been attributable to the confounding effects of spatial and temporal scale and the low number of aphids and other alternative prey in the intercrops compared with high incidence of corn leaf aphids in sorghum early in the season.
Lady beetles (Coleoptera: Coccinellidae) are considered to be important natural enemies of insect pests, especially those that belong to the suborder Homoptera (i.e., aphids, mealybugs, and scale insects) (Hagen and van den Bosch 1968 , Hodek 1973 , Hagen 1974 , Kring et al. 1985 , Frazer 1988 , Rice and Wilde 1988 , Drea and Gordon 1990 . The potential of lady beetles in suppressing insect pests in agricultural ecosystems is shown by many attempts to use them in importation, conservation, and augmentation biological control (Obrycki and Kring 1998) . Although lady beetles are usually present in many agricultural ecosystems, their abundance in intensive commercial crop production areas is usually not enough to keep insect pest densities from exceeding economic thresholds Honě k 1996, Dixon 2000) .
The inefÞciency of lady beetles as biological control agents is particularly more apparent in production areas for annual crops where aphids tend to be among the most serious pests. This is a result of several factors that seem to impede the pest suppression potential of lady beetles in conventional annual crop production, including the following. (1) The suitability of crop Þelds as habitats for lady beetles is relatively ephemeral as a result of short crop phenologies (Wissinger 1997) . (2) Cultural crop production practices such as mechanical tilling and harvesting are agents of habitat disturbance that periodically reduce abundances of lady beetles in annual crops (Ehler and Miller 1978, Smith et al. 1997) . (3) Conventional annual crop production typically consists of growing one crop at a time on a farm Þeld thus creating a homogeneous environment that favors faster development of aphid populations than that of lady beetles (Hodek 1970) .
Some biological attributes of aphidophagous lady beetles relative to those of their aphid prey have also been suggested as contributing to their inefÞciency as aphid biological control agents. First, the slower rates of development of lady beetle species compared with those of their aphid prey result in large predatorÐprey generation time ratios that directly lead to much higher intrinsic rates of increase for aphids compared with lady beetles (Dixon 2000) . Second, the combination of female lady beetle preference for ovipositing in younger and sparsely populated aphid patches and the ephemeral nature of aphid populations is likely to contribute to their inefÞciency in tracking aphid densities Dixon 1999, 2001 ). Third, many species of lady beetles have a requirement for a min-imum amount of aphid biomass for growth, development, and reproduction (oviposition) (Hodek and Honě k 1996) . Finally, plasticity in aphid life history traits such as sexual/asexual reproduction and winged/ wingless progeny production facilitates rapid aphid population build-up and dispersal.
Creating conditions that promote high densities of resident populations of natural enemies in agroecosystems has been proposed as one way to increase the efÞciency of aphid biological control by lady beetles (Hodek and Honě k 1996) . Relay-intercropping, the practice of planting two or more crops in a pattern that allows planting of one intercrop species and harvest of the other so that their life cycles partially overlap, has a potential for improving crop production in many ways including pest suppression through increased abundance and impact of natural enemies (Parajulee et al. 1997 , Parajulee and Slosser 1999 , Men et al. 2004 , Ma et al. 2006 . Relay-intercropping is perhaps one of the most appealing forms of crop diversiÞcation because it entails the spatial and temporal plant-mixing attributes that can decrease plant competition for resources (Fukai and Trenbath 1993) , is amenable to mechanized production through width adjustments to allow soil preparation, planting, and harvesting activities for each crop (Vandermeer 1989) , and can relay natural enemies from one crop to another as each crop matures and senesces (Parajulee et al. 1997) .
The target insect pest in sorghum production areas throughout the United States Southern Plains is the greenbug, Schizaphis graminum (Rondani) (Hemiptera: Aphididae) (Young and Teetes 1977) . Although there is experimental evidence for the suppressive effects of lady beetles on greenbug densities, the extent of population suppression is usually not enough to avoid sorghum yield loss (Kring et al. 1985, Rice and Wilde 1988) . In this study, we explore the potential (to conserve lady beetles) of the relay-intercropping system that uses sorghum as the main crop and alfalfa, winter wheat, and cotton as relay intercrops. The expectation was that lady beetle populations that build-up in the Þrst-year winter wheat would move into alfalfa strips in early spring and later into sorghum and that as sorghum senesces in late summer, beetles would move to cotton and later to the second-year winter wheat and therefore stay within the production area for subsequent crops. These crops are commonly grown throughout the southwestern United States, and each crop can harbor populations of aphids and other insects that are potential prey for lady beetles. Our speciÞc objective was to compare the abundance and diversity of aphidophagous lady beetles in a relayintercropped sorghum with those of a mono-cropped sorghum.
Materials and Methods
Cropping Systems. The experiment was conducted from 2003 to 2006 at two study sites, Chickasha (Caddo Co.) and Perkins (Payne Co.), in Oklahoma. At both sites, the relay cropping system consisted of alfalfa (Medicago sativa L.), winter wheat (Triticum aestivum L.), sorghum (Sorghum bicolor L.), and cotton (Gossypium hirsutum L.) with each crop planted on a 12 by 48-m (40 by 160 ft) plot. The plots were spatially laid out side by side, with the alfalfa plot on the outside followed by winter wheat, sorghum, and cotton as shown in Fig. 1 . There were no borders in between the plots. Crops were chosen based on both their overlapping phenologies, which allowed for a given crop production area to have a crop that is at its active growth stages for most of the calendar year. The monoculture cropping system consisted of sorghum planted on a 48 by 48-m plot (Fig. 1 ). Each cropping system had three replications per site, with plots arranged in a completely randomized design. All plots were separated by 12-m alleys that were kept tilled and free of vegetation at all times.
The locations of the plots assigned to each cropping system remained the same throughout the duration of the study. Alfalfa and wheat plots were established in Sampling. Sampling of lady beetles started when the collar of the Þfth leaf of sorghum plants was visible and ended when plants reached physiological maturity. Cards were stapled on wooden stakes so that one half of the card faced to the east and the other half to the west. The trap height was adjusted so that it was always 10 cm above the plants. Cards were left in the Þeld for 2 wk after which they were retrieved, placed in clear plastic bags, and brought to the laboratory for identiÞcation and counting of beetles. Reported densities are the pooled counts from all the traps per plot per sampling period.
The sample unit for Þeld counts consisted of a total of 20 plants, 10 from each half of the plot, chosen randomly every 10 steps from the interior rows of each plot. Examination of plants consisted of looking for and counting lady beetles (eggs, larvae, pupae, and adults) and greenbugs. We also covered the heads of postßowering sorghum plants with zip-lock bags, shook off, and counted the dislodged insects. Counts from all 20 plants were pooled.
Data Analysis. Sticky trap catches (i.e., numbers of lady beetles) from each plot were log (density ϩ 1) transformed, and mean differences by sampling period among crops were assessed for signiÞcance by repeatedmeasures analysis of variance (ANOVA; PROC MIXED; SAS Institute 2001). Plot and sampling week were coded as the subject and repeat variables, respectively, crop type (four levels: monoculture, diverse, alfalfa, and cotton) was the independent variable, and the combined density of lady beetles was the response variable. Analyses were performed separately for each study site and year.
Numbers of greenbugs and all the developmental stages of lady beetles (i.e., egg masses, larvae, pupae, and adults) counted on all sorghum plants were summed over the sampling weeks for each year and study site to calculate total numbers for each of the plots planted with diverse and monoculture sorghum. We calculated the predatorÐprey ratio as the total number of lady beetle adults and larvae divided by the total number of greenbugs. We used StudentÕs t-tests to determine whether differences in number [log (density ϩ 1)] of lady beetle egg masses, larvae, pupae, and adults between diverse and monoculture sorghum plots were statistically signiÞcant. We also used t-tests to determine signiÞcant differences between the predatorÐprey ratios in diverse and monoculture sorghum.
We also compared the cropping systems by measuring species composition and relative abundance of lady beetle communities. Differences in species composition of lady beetle communities were determined by both the Bray-Curtis coefÞcient of similarity (Bray and Curtis 1957 ) and a Kolmogorov-Smirnov twosample test (Tokeshi 1993, Sokal and Rohlf 1995) . The Bray-Curtis coefÞcient of similarity between two communities j and k is deÞned as S jk ϭ 100[1 Ð Α y ij Ð y ik /Α(y ij Ð y ik )] with the summations being over species i ϭ 1, 2, É, p. For example, here y ij and y ik represent the abundance for the ith species in the monoculture and diverse sorghum plots. The Bray-Curtis coefÞ-cient ranges from 0 (completely dissimilar samples) to 100% (identical samples). The Kolmogorov-Smirnov two-sample test is used to determine signiÞcant differences between the rank-abundance distributions of species (species abundance distributions) of two communities (Sokal and Rohlf 1995, Magurran 2004) .
To further examine seasonal effects of relay-intercropping on the lady beetle communities, we used principal response curves (PRCs), a time-dependent, multivariate method to analyze differences in the relative abundance of lady beetles between diverse and monoculture sorghum plots (van den Brink and ter Braak 1998, 1999) . The PRC method is based on an ordination technique of redundancy analysis and used to determine differences in relative abundances and species compositions of plots receiving different treatments at each sampling date for repeated measures designs. The abundance [transformed into ln (density ϩ 1)] of each species is modeled as a sum of three terms as follows:
where y d(j)tk is count of species k in replication j of treatment d at time t, y 0tk is mean count of species k in control plot at time t, b k is weight of species k, c dt is the canonical coefÞcient for treatment d at time t (weighted sum of the abundances of species), and d(j)tk is an error term. The term b k c dt is a date-speciÞc treatment effect on the abundance of a given species k relative to its abundance in the control plot.
We used CANOCO (version 4.5) (ter Braak and Smilauer 2002) to perform partial redundancy analysis, construct PRCs, and test for differences in lady beetle community composition using a distributionfree F-type test based on Monte Carlo sample permutations (Leps and Smilauer 2003) . For our study, the treatments referred to monoculture sorghum and diverse sorghum and were coded as dummy variables. The interactions between dummy variables and sampling dates were used as environmental variables and sampling dates as covariables. Because one of the treatments has to be coded as a control (i.e., a reference against which other treatments can be compared), we declared monoculture sorghum a control. We used 499 permutations that were conditioned on sampling dates.
Results

Lady Beetle Densities From Sticky Traps
The combined densities of lady beetles caught on sticky traps in Chickasha differed signiÞcantly among crops and sampling dates during each study year (Table 1). In Perkins, signiÞcant differences in the combined lady beetle densities among crops were found in both 2004 Table 1 ). Overall, differences in densities among sampling dates tended to follow a declining trend from the beginning to the end of the sampling period in the monoculture sorghum, diverse sorghum, and cotton crops (Fig. 2) . Because interaction effects between crops and sampling dates were signiÞcant (Table 1) ,
we compared crop treatment means separately for each sampling date (simple effects) by using a SLICE option of the LSMEANS statement in the SAS MIXED procedure. Although differences in lady beetle densities were signiÞcant for most of the sampling dates in all years at both sites, the PDIFF option of the LSMEANS statement showed no signiÞcant differ- ences between densities in monoculture and relayintercropped sorghum (P Ͼ 0.05 in all sampling dates; Fig. 2) . Therefore, signiÞcant differences among crops were caused by either lower densities in harvested alfalfa and late-planted cotton or higher densities in alfalfa and/or cotton relative to densities in sorghum.
Species Abundance and Composition Determined by Sticky Traps
Bray-Curtis Coefficient of Similarity. During the 3-yr study, we consistently collected 10 species of lady beetles, with Scymnus spp. (mostly S. loewii Mulsant and S. americanus Mulsant), Hippodamia convergens Guerin-Meneville, Harmornia axyridis (Pallas), Coccinella septempunctata L., and Coleomegilla maculata (DeGeer) being the most common (Table 2) . Values of the Bray-Curtis coefÞcient of similarity between lady beetle communities in monoculture and relay-intercropped sorghum were Ͼ83% for each study site and in all 3 study yr (Table  3) . Comparisons of lady beetle communities in the relay intercrops (alfalfa and cotton) against those in the diverse and monoculture sorghum showed that most cotton communities were more similar to those of the sorghum crops than was the case for alfalfa communities (Table 3) .
Species Rank-Abundance Curves. The Kolmogorov-Smirnov test indicated that, in both sites and all study years, species abundance distributions in the relay-intercropped sorghum were not signiÞcantly different from those in the monoculture sorghum Fig. 3 ). The species rank-abundance distribution curves also show that the two cropping systems did not differ in species richness (similar curve lengths) and evenness (same steepness of curves; Fig. 3) .
Multivariate Analyses. The PRC analyses indicated no signiÞcant effect of relay intercropped sorghum on the lady beetle community compared with that in monoculture sorghum in both Chickasha Higher percentages reßect greater degree of similarity. 
Lady Beetle and Aphid Densities Determined by Field Counts
Abundance of all developmental stages of lady beetles did not differ signiÞcantly between monoculture and relay-intercropped sorghum in both Chickasha and Perkins during each year of the study (Table 4 ; Lady beetleÐ greenbug ratios in relay-intercropped and monoculture plots were not signiÞcantly different during each study year in both sites (Table 4) . Large beetleÐgreenbug ratios in Chickasha resulted from high numbers of adult lady beetles compared with relatively low numbers of greenbugs in 2005 (Fig. 6) , whereas the largest ratios in Perkins were found during 2006 when both lady beetles and greenbugs had the lowest numbers (Fig. 6) . High lady beetle abundance may have resulted from the presence of corn leaf aphids, which typically infest sorghum plants before ßowering.
Discussion
Overall, we did not see any signiÞcant effect of relay-intercropping sorghum with winter wheat, alfalfa, and cotton on the densities, relative abundance, and species composition of lady beetles. We also did not Þnd any signiÞcant effect of relay-intercropping sorghum on the abundance of aphids. These results differ from evidence suggesting that diversiÞed crop- ping systems, such as relay-intercropped sorghum, have reduced insect pest populations and enhanced natural enemy abundance (Root 1973 , Vandermeer 1989 , Van Emden 1990 , Andow 1991 , Landis et al. 2000 , Gurr et al. 2003 , Mensah and Sequeira 2004 .
The view that diversiÞed cropping systems enhance abundance and efÞciency of natural enemies is based on the presumption that intercropped systems have a potential to increase the availability of alternative foods (e.g., nectar, pollen, and honeydew), provide shelter or a moderated microclimate for overwintering or refugia from temporary environmental extremes and predators, and provide a habitat in which alternative hosts or prey are present (Vandermeer 1989 , Landis et al. 2000 . The direct impact of intercropping on insect herbivores is attributed to such mechanisms as disruption of their ability to Þnd suitable host plants and changes in the microclimate among plants as the target host plants are not as concentrated as they are in a monoculture system (Root 1973 , Vandermeer 1989 .
Relay-intercropping has been shown to reduce aphid densities and increase lady beetle densities compared with monoculture systems (Parajulee et al. 1997 , Parajulee and Slosser 1999 , Men et al. 2004 , Ma et al. 2006 . However, other studies have shown either mixed responses of lady beetles (i.e., higher beetle abundance in intercropped system than in monoculture in one year or location and no difference in another year or location) (Slosser et al. 2000) , higher abundance in monoculture than intercropped system (Hooks et al. 1998) , or, as in our study, no differences in densities between intercropped and monoculture system (DeLoach and Peters 1972, Robinson et al. 1972) .
These variations in the effects of intercropping on lady beetles among and within studies are consistent with those found in other studies on effects of vegetation diversiÞcation on natural enemy abundance (Risch et al. 1983 , Vandermeer 1989 , Andow 1991 , Bommarco and Banks 2003 .
The variation in the effects of crop diversiÞcation to both pest and natural enemy species suggests that there is no single, generalizable relationship between crop diversity and insect population dynamics in agroecosystems. Many factors could contribute to this lack of a general relationship between intercropping and insect population dynamics. We suspect that absence of aphids in our cotton plots may have contributed to the lack of intercropping effects. Also, although we did not sample for aphids in alfalfa, the low numbers of lady beetles caught on sticky traps in alfalfa compared with cotton and sorghum may be an indirect evidence of fewer aphids and other lady beetle resources in our alfalfa plots. Furthermore, the high prevalence of corn leaf aphids, Rhopalosiphum maidis (Fitch) (Hemiptera: Aphididae), in whorl-stage sorghum in both intercropped and monoculture plots may have attracted lady beetles in equal abundances, masking any differences between the two systems. Many studies have shown a similar trend to ours, which is that lady beetles are attracted to and spent more time in areas with high aphid densities (Karieva and Odell 1987, Ives et al. 1993) . Thus, for our study system, the target crop (i.e., sorghum) was more of a nursery and source of lady beetles, whereas the relay crops were acting as sinks. Indeed, many studies have shown that sorghum works well as a source of lady beetles when grown as a relay intercrop with cotton as a target crop (Fye and Carranza 1972; Robinson et al. 1972; Lopez and Teetes 1976; Prasifka et al. 1999 Prasifka et al. , 2004a Parajulee et al. 1997; Parajulee and Slosser 1999) .
Another factor that may have contributed to our results is the spatial and temporal scale of our study. Many authors have discussed the importance of both spatial and temporal scale as potential confounding factors in natural and agricultural ecosystems (Levin 1992 , Carpenter et al. 1998 , Schindler 1998 , Tscharntke and Kruess 1999 , Ewers and Didham 2006 . For example, a meta-analysis by Bommarco and Banks (2003) suggested that the effect of intercropping or crop diversity on both herbivore and predator densities appeared to be mediated by the spatial scale of experimental plots. Experiments performed on ) showed signiÞcantly lower densities of insect herbivores in intercropped than monoculture plots, those performed on medium-sized plots showed intermediate effects, and those on larger plots (Ͼ256 m 2 ) showed no difference in densities (Bommarco and Banks 2003) . Similarly, densities of predators in intercropped plots were signiÞcantly higher than in monoculture plots only for medium plots, whereas no differences existed in larger plots (Bommarco and Banks 2003) . The spatial scale of our study corresponds to the larger plot category of Bommarco and Banks (2003) , and it would seem that our results are consistent with the conclusions they drew based on their meta-analysis of results from studies carried out in large plots.
The vegetation structure at a landscape scale has been shown to inßuence population dynamics of herbivores and their natural enemies much more than within-Þeld vegetation diversity (Elliott et al. 1998 (Elliott et al. , 2002 Thies and Tscharntke 1999; Prasifka et al. 2004b) . For instance, the composition of habitat types and their spatial arrangement in a landscape have been implicated in the population dynamics of lady beetle species within Þeld crops (Elliott et al. 2002, Prasifka et al. 2004b) . Ecological processes at the landscape scale are likely to have effects that differ in magnitude among species because of differences in their life histories such as dispersal ability and nutritional requirements. Because lady beetle adults are capable of dispersing over long distances, their responses to effects of intercropping are likely to depend on the grain size of the different habitat types at both the landscape and within-Þeld scale (Dunning et al. 1992 , Elliott et al. 1998 . It is therefore possible that, from the perspective of lady beetles, our system of monoculture and intercropped sorghum was not discernible both in space and time, i.e., other landscape factors operating at the scale much larger than our system had overriding effects on the lady beetle populations. One such factor for this system could be the aphid abundance, which tends to be synchronous from one Þeld to the next even when within-Þeld abundance is patchy (Karieva 1990 ).
In conclusion, we believe it is important to carefully consider the choice of crops for inclusion into an intercropping system aimed at reducing herbivore densities through the impact of enhanced populations of natural enemies. For example, to be considered as relay-intercrops, it is important that such crops should have a shown capacity to attract and therefore act as sources of natural enemies for the main crop. Also, future research on the effect of crop diversity on natural enemies should determine plot sizes and spatial arrangements of intercrops that are suitable for the life histories (e.g., dispersal abilities) of both prey and predator insects under study. The spatial scale of the study should also be consistent with that at which results will be used and in the case of relationships between intercropping and insect population dynamics such a scale should be applicable to commercial crop production.
